How do certain characteristics of organisms, such as sex or species, and certain ecological factors, such as interaction with congeneric individuals, influence the variability of body architecture in an environmental setting over a small spatial scale? Using geometric morphometrics we performed a morphological comparison of the dorsal surface of the carapace of a congeneric guild formed by Aegla araucaniensis, A. denticulata denticulata, and A. abtao. Additionally, we evaluated whether the segregation of microhabitat by congeneric interactions generates variations in the shape of the cephalothorax in A. araucaniensis, comparing a population belonging to the congeneric guild with a close population without congeneric interactions. Changes in cephalothoracic shape are regulated primarily by intrinsic factors, such as the differences between species and sex of individuals. In addition, the congeneric interactions do not affect the expression of the carapace shape in either of the populations of A. araucaniensis. The patterns of variation in cephalothoracic architecture are similar to previous reports based on geometric morphometrics, traditional morphology and descriptive morphology. The interspecific variations are caused mainly by the configuration of the spinous processes at the borders of the carapace, while the variation due to sexual dimorphism is due to an expansion of the longitudinal axis in males and the caudal end of the carapace in females. Morphological responses in A. araucaniensis differ from previous comparisons made with other species of Aegla under similar environmental contexts but over distinct spatial scales. We discuss the sexual dimorphism from an adaptive perspective and propose that the architecture of the cephalothorax in aeglids is a trait conserved and regulated significantly throughout the evolutionary history of the group.
INTRODUCTION
Body plan is a complex phenotypic trait closely correlated with levels of taxonomic organization; in other words, individuals belonging to the same taxon tend to have similar body plans (Arthur, 1997) , because there are genetic and developmental mechanisms that maintain a macroevolutionary pattern of phenotypic expression (Carroll et al., 2001 ) that in quantitative terms is better represented by the geometry of body structures, i.e., the position of the structures in space (Kendall, 1977; Klingenberg et al., 2004) . Individuals pertaining to same taxon and living together may exhibit the same general life habits and may be under the same selection pressures. However, it is possible to find between them phenotypic differences, including variations in the architecture of the body plan, due to intrinsic factors such as species, age, body size or sex (Gould and Gould, 1997; Koehl, 2000) . Similarly, extrinsic factors associated with the environment can influence the phenotypic expression with plastic responses, allometric variations or ontogenetic differences (Alberch et al., 1979; Bonner and Horn, 2000; Pigliucci, 2001; Wu et al., 2003) . The interaction, however, between intrinsic and extrinsic factors is undoubtedly the main source of variation that modulates the phenotypic expression in general and the morphological variation in particular. For example, it has been empirically demonstrated that the degree of morphological variations caused by sexual dimorphism can be highly dependent on the biotic and/or abiotic conditions of the environment (Griffith et al., 1999; Post et al., 1999; Bonduriansky, 2007) .
Competitive interactions negatively affect population fitness because the intensity of interactions is inversely correlated with population growth (Maynard-Smith and Price, 1973; Berryman, 1999 Berryman, , 2002 . In scenarios where the interspecific competitors have genetic, phenotypic, and ecological similarities, the coexistence of species is promoted by competitive exclusion and exploitation of specific ecological niches (Genner et al., 1999; Sedlácek et al., 2004; Tinkkinen et al., 2006) . Within this context, it has been reported that natural conditions of presence or absence of congeneric interspecific competition can generate differential expressions of diverse phenotypic traits. For example, in fish and mammals distinct strategies have been reported for the allocation of trophic resources under different pressures of congeneric interspecific competition (Nakano and Furukawa-Tanaka, 1994; Wu, 1999; Cucherousset et al., 2007) . On the other hand, the expression of traits associated with sexual selection in birds, such as plumage, coloration and type of song, are more pronounced when species form a congeneric community assemblage than when the same species live in a community not including congeneric species (Coddy, 1969; Prescott, 1987) .
Quantitatively, the morphological features in decapod crustaceans have been extensively studied for several purposes, e.g., to set up suitable management strategies to protect threatened species or to identify and characterize fish stocks, among others (Grandjean et al., 1997; Cadrin, 2000) . Most of these studies have used traditional morphometric approaches based on distances, angles, and proportions to evaluate allometric variations due to sexual dimorphism in different anatomical structures, such as chelipods, pleon, and cephalothorax (Hartnoll, 1974; Haefner, 2000; Mariappan et al., 2000) . However, additional approaches like geometric morphometrics based on homologous landmarks have also been applied to morphological analysis in crustaceans (Rosenberg, 1997 (Rosenberg, , 2002 Cadrin and Friedland, 1999) . Technically, the geometric morphometrics based on landmarks produce projections of anatomical points onto coordinate systems and apply methods of superimposition of homologous points onto these mathematical spaces, removing the main source of bias present in traditional morphometric analyses, i.e., translation, scaling, and rotational effects. Thus, the comparisons are concerted only in the geometrical shape of the objects (Rohlf and Marcus, 1993; Adams et al., 2002) . In studies of sexual dimorphism in crabs, geometric morphometrics have improved the resolution of comparisons, finding differences in structures where traditional morphometrics were not capable of doing so, as for the dorsal surface of the cephalothorax, because it is easy to identify homologous landmarks on the hard exoskeleton (Abelló et al., 1990; Rufino et al., 2004) .
The genus Aegla is a taxon of anomuran freshwater crabs composed of more than 60 species, all endemic to the southern Neotropical region of South America, i.e., Chile, Argentina, Bolivia, Uruguay, Paraguay, and southern Brazil (Bond-Buckup et al., 2008) . In Chile, there are 19 reported taxa, being a conspicuous component of the benthic communities of rivers, streams, and lakes between 35uS and 51uS, where 90% of the freshwater environments of the Chilean territory are located (Pérez-Losada et al., 2002; Jara, 2005; Jara et al., 2006) . In central-southern Chile, the Valdivia River basin hosts populations of five taxa of Aegla (Jara, 1980a (Jara, , 1996 : A. abtao Schmitt, 1942a , A. araucaniensis Jara, 1980b , A. denticulata denticulata Nicolet, 1849 (hereafter A. denticulata), A. manni Jara, 1980b, and A. rostrata Jara, 1977. In the tributaries of this river basin, different distributional patterns have been reported depending on the presence or absence of congeneric species. Of particular interest, are those patterns observed in two tributaries that lie very close together. In the Santo Domingo River, A. araucaniensis lives alone inhabiting all the available microhabitats of the riverbed. However, in the Collilelfu River, this species shows competitive exclusion by interspecific territoriality because the dominance of A. abtao, and to a lesser degree that of A. denticulata, have restricted its micro-distribution to shallow areas along the river shore (Parra et al., in press) . Therefore, the differences in community and competitive interactions between both tributaries provide a natural setting for phenotypic comparison of A. araucaniensis.
Taking into account that there is a guild composed of three species of Aegla in the Collilelfu River, and evidence of constraints in the microspatial distribution in one of the species of the guild (A. araucaniensis) compared with a near conspecific population living without congeneric interactions, we hypothesized that under environmental settings of the populations of Aegla in the Collilelfu and Santo Domingo Rivers the intrinsic, i.e., between species and sexual differences, and extrinsic, i.e., the microspatial distribution conditions in A. araucaniensis, factors have different explanatory power as predictors of the cephalothoracic body plan variability. Consequently, using geometric morphometric analyses based on homologous landmarks we made interspecific and intersexual comparisons of the species of the congeneric guild from Collilefu River. Furthermore, we also developed an interpopulation comparison between males and females of A. araucaniensis subject to spatial segregation (Collilelfu River) and individuals that occupy the entire spatial niche due to the absence of congeneric interactions (Santo Domingo River).
MATERIALS AND METHODS

Study Area and Sampling
The Santo Domingo (hereafter SDR) (39u549450S, 73u069460W) and Collilelfu (hereafter CR) (40u029200S, 72u549250W) rivers are tributaries of the main basin of the hydrographic system of the Valdivia River. Bottom profiles from both rivers have shown similarities in the type of substrate. In the SDR, A. araucaniensis is the only aeglid species present throughout the entire riverbed, meanwhile in the CR this species coexists with A. denticulata and A. abtao. In this tributary, A. araucaniensis is restricted to the river banks in shallow waters, A. abtao is concentrated in the middle of the riverbed where it is deepest and water flow is strongest, and A. denticulata occupies intermediate areas between both species. In October 2006, specimens of A. araucaniensis from the SDR and A. araucaniensis, A. abtao and A. denticulata from the CR were collected (Fig. 1 ). Both sampling sites are separated by approximately 30 km. We captured 209 individuals using trawl nets manually pulled along different substrates from both rivers. The animals captured were conserved in 96% ethanol and then kept in the crustacean collection of the Instituto de Zoología, Universidad Austral de Chile (IZUA-C). The sex of the analyzed specimens was determined by direct observation of pleopods and gonopores in females and the presence of genital pores in the coxa of the fifth pereiopod in males. Details of the numbers of individuals by sex and population are summarized in Table 1 .
Morphological Analysis
Digital images of the dorsal view of the cephalothorax were taken from all captured specimens of Aegla with a Nikon Coolpix S4 camera maintained in a fixed position. On each image, 33 landmarks were established: 29 type I (homologous anatomical structures), and four type II (maximum curvatures) landmarks (sensu Bookstein, 1991) using tpsDig2 software (Rohlf, 2005a) . The anatomical positions of landmarks were considered to be homologies, in the biological sense (sensu Rieppel, 1994) . The distribution and anatomical position of each landmark are represented in the Table 2 and Fig. 2 , respectively. Firstly, each image was transformed into a configuration of landmarks, i.e., the image summarized by the position of each landmark within a Cartesian coordinate system. From these configurations the sources of bias inherent to traditional morphometric analysis (size, position, and orientation) were removed using an estimation of Procrustes distances by generalized least squares (Gower, 1975; Rohlf and Slice, 1990) . This procedure minimizes the sum of squares of the distances between homologous landmarks and estimates an average configuration (or consensus configuration) through the following steps: 1) determination of the centroid in each configuration of landmarks; 2) scaling the centroid size (CS 5 !S(LM#n-c) 2 ; where: LM#n: landmark n, c: centroid) of each configuration to a unit value; 3) superimposition of configurations, placing each centroid in the origin of Cartesian space; and 4) finally, rotation of configurations through an angle of optimization. This analysis also allows the vectorial order of each configuration as a point distributed on the surface of a space of k(p21) dimensions (where k corresponds to physical dimensions 5 2, an p is the number of landmarks 5 33) known as Kendall's shape space. The hyper-dimensional nature of Kendall's space requires highly complex statistical procedures for shape analysis (Dryden and Mardia, 1998) . However, there are linear approximations that create Euclidean spaces tangent to Kendall's space. When the point of tangency corresponds to the configuration consensus, the projection of the other configurations on the tangent space allows to extract variables that can be analyzed with standard multivariate statistical methods, provided that the variation of points on the Kendall's space is small compared with its projections in the tangent spaces. In other words, it assumes that the linear relationship between the Euclidean distances in the tangent space and Procrustean distances in the Kendall's space have a slope near to 1 (Kent, 1994; Rohlf, 1999) . The variations in the tangent space, on which the configurations of landmarks are projected, are metaphorically modeled as an infinitely thin plate in a function known as a ''thin-plate spline'' (TPS), which predicts that small-scale deformations require more energy than large-scale deformations. Therefore, under the TPS function, the variation around the configuration consensus is (Bookstein, 1989) . The TPS function generates a bending energy matrix, which is eigendecomposed describing vectorially localized changes of shape, where the eigenvectors, called principal warps, summarize the deformations around the configuration consensus. The projection of the coordinates of the configuration consensus for each comparison treatment generates a matrix of partial warp scores (or W matrix), which not only allows to describes changes in different shape groups, but also can be compared statistically (Bookstein, 1991; Monteiro and Abe, 1999) . In this study, we firstly estimated the values of joined variance for each landmark and values of variance by each Cartesian dimension, considering the longitudinal axis of the cephalothorax parallel to the axis of the ordinate within the Cartesian plane. Additionally, we developed two relative warp analyses. The relative warps (RWs) correspond to principal components in the W matrix, and describe in a few dimensions the distributions of shape (independent and orthogonal) in the tangent space, enabling us to summarize and visualize the variation between groups (Bookstein, 1991 (Bookstein, , 1996 . Firstly, we analyzed individuals of A. araucaniensis from the SDR population and individuals belonging to the tri-specific congeneric guild from CR. The second analysis included the three species of Aegla coexisting in the CR. Interpopulation variations in A. araucaniensis and interspecific shape variations in the tri-specific guild from CR were compared using two-way analysis of covariance (2-way ANCOVA; Quinn and Keough, 2002) applied to scores of RWI and RWII separately. Presence or absence of interspecific competition and sex in the interpopulation comparison of A. araucaniensis, and species and sex in the interspecific comparison were considered as fixed factors in both models. Centroid size was used as covariable in both analyses. In general, analyses derived from the W matrix can give different results for shape under different contexts of spatial scale, which are reflected by the spatial re-scaling exponent a (Monteiro and Abe, 1999) . Based on previous experience (Barría, unpublished data) , all relative warp analyses that we have applied to genus Aegla showed that the firsts two principal components have greater morphological variance, because most of the weight is given by partial deformations over greater spatial scales. Consequently, all our analyses were performed using a 5 + 1.
The estimation of Procrustean distances, bending energy and W matrices, and the relative warps analysis were performed with TpsRelw software (Rohlf, 2005b) . The assumption of linearity in the relationship between Euclidean distances in the tangent space and Procrustean distances in the Kendall's space was corroborated using TpsSmall software (Rohlf, 1998) .
RESULTS
Upon analyzing the configurations of landmarks within a two-dimensional Cartesian plane, the rostral spine (LM#1) and the posterior half of the cephalothoracic border (LM#12-18) were the anatomical positions of higher joint variance (or covariation in two-dimensional Cartesian space simultaneously). These values were particularly high at the distal ends of the left and right branchial areas (LM#13 and 17, respectively) (Fig. 3A, D) . This variation, analyzed using dimensional components separately, showed that the variation in landmarks located on the meso-lateral borders of the carapace (LM#11, 12, 18 and 19) are mainly explained in function of the x-axis (Fig. 3B,  E) . Meanwhile, variation of the rostral spine (LM#1) and the posterior edge of the carapace (LM#13-17) is mainly attributed to variation around the y-axis (Fig. 3C, F) .
For the trispecific assemblages in the CR, 88.97% of the total variance was explained by the first two relative warps (RWI: 82.16% and RWII: 6.81%). The individual scores distributed throughout this space show that A. abtao forms a clearly segregated cluster from A. araucaniensis and A. denticulata around RWI (Fig. 4) . In addition, the two-way ANCOVA conducted on RWI showed significant differences for species and sex, but not for the interaction of both Intersection left linea aeglica dorsalis-branchial line factors, whereas the two-way ANCOVA of RWII only showed differences for sex (Table 3 ). The analysis of populations of A. araucaniensis showed that 55.45% of the total morphological variance is explained by RWI (37.50%) and RWII (17.95%). The relative warp score distribution did not evidence segregation of groups (Fig. 5) . However, the two-way ANCOVA revealed significant differences in the sex factor around RWI (Table 3) . Anatomically, in the interspecific comparisons, as the value of RWI increases, there is an expansion of epibranchial and subepibranchial spines and the lateral borders of the branchial lines (LM# 10, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , as well as a constriction along the longitudinal axis of the cephalothorax (LM# 1-15) (Fig. 4A-F) . Meanwhile, there were similar patterns of deformation in RWI in comparison with the interpopulation analysis of A. araucaniensis and the RWII for interspecific comparisons. Both cases showed that, as the value of the RWI increases, the lower third of the carapace contracts and the anterior region and cephalocaudal axis expand (Fig. 5A, B) .
DISCUSSION
The changes experienced within the anatomical architecture of the studied Aegla specimens are due exclusively to intrinsic factors. In interspecific terms, the taxonomic identity is more important than sex as a criterion of morphological differentiation. In contrast, at the intraspecific level, the only source of morphological variation was the sex of individuals. This response is interpreted from the relative warp analysis, from the three taxa in the interspecific comparison from the Collilelfu River, and from males and females in the case of the intraspecific comparison of A. araucaniensis form separate groups around RWI, i.e., the principal component giving the greatest explanation of variation in shape. This response pattern is similar to that previously reported for other species of Aegla. For example, Giri and Collins (2004) showed that A. uruguayana Schmitt, 1942b and A. platensis Schmitt, 1942b are segregated within RWI, and that males and females of both species do so on the RWII. The same situation was observed by Giri and Loy (2008) when comparing A. riolimayana Schmitt, 1942b and A. neuquensis Schmitt, 1942b . However, besides sex and species, it has been shown that there are additional extrinsic factors that are capable of generating changes in the body plan of aeglids. In this respect, Giri and Loy (2008) reported morphological differences in the shape of the carapace of A. neuquensis when comparing populations that share its range of distribution with congeneric species versus populations living outside the range of distribution of congeneric species. Similarly, these authors found significant differences when comparing populations from river and lake habitats. In the first case, there was a greater range of morphological expressions in allopatric populations, adaptively attributable to the greater extent of resource use in different axes of the ecological niche (sensu Losos and De Queiroz, 1997) . In our study, the lack of significance in the sex 3 population interaction in A. araucaniensis reveals that for both populations, the absence or presence of congeneric interactions is not a relevant factor affecting the response pattern in the variation due to sexual dimorphism.
Although the interpopulation comparison of A. araucaniensis was conducted under the same context of environmental comparison as for A. neuquensis (Giri and Loy, 2008) , the responses in both cases contrast greatly. The differences in the results of both studies can be explained mainly by several reasons that are not mutually exclusive. First, the shape of carapace in A. araucaniensis may be a more conservative genetic trait than other phenotypic traits, such as behavioral responses associated with interspecific territoriality, which shows greater dependence on the environmental context under the same ecological setting (Parra et al., in press ). Furthermore, the interpopulation comparison made by Giri and Loy (2008) for A. neuquensis was made to a scale of spatial resolution greater than our study. According to the concepts of Lincoln et al. (1998) , in A. neuquensis was compared the condition of population allopatry and sympatry, whereas in our study compared the condition population syntopy and asyntopy of A. araucaniensis. Under this argument it is plausible to think that interpopulation morphological responses are also dependent on the spatial scale of analysis. On the other hand, another explanation for the apparent lack of difference between the two populations of A. araucaniensis might be due to the incapacity to detect significant morphological differences in small-scale spatial comparisons. Given the proximity of both sites and the connectivity of the two rivers with the main basin, another possible explanation for the morphological similarity in A. araucaniensis is due to there still being gene flow between both populations, or that the formation of both rivers is relatively recent and thus does not allow for local adaptations that arise and are fixed genetically. Finally, a last explanation is derived from the ecological interactions between the two tributaries. If we consider interspecific competition as a potential source of phenotypic variation, the intensity of interspecific competition in the Collilelfu River can be similar and/or may produce the same effects as the intraspecific competition in the Santo Domingo River populations.
The clearer intraspecific differences in the species analyzed were due to sex. Previous studies based on descriptive morphology and geometric morphometrics have reported that sexual dimorphism in freshwater crabs is Fig. 4 . Spatial distribution of Aegla plotted in a Principal components analysis based on the scores from relative warp I (82.16% variance) and relative warp II (6.81% variance). Additionally, the deformation grids of males and females of the Aegla species, A. denticulata (A and D), A. araucaniensis (B and E) and A. abtao (C and F) are shown. Some landmarks are connected by lines to facilitate the interpretation of the differences. Table 3 . Results of the two-way ANCOVA on the A. araucaniensis inter-population comparison (intraspecific competition), and the interspecific comparison among species belonging to a community guild in the Collilelfu River. Centroid size was used as covariate in all analyses. (López, 1965; Bond-Buckup and Buckup, 1994; Jara, 1994; Giri and Collins, 2004; Bond-Buckup et al., 2008; Giri and Loy, 2008) . Considering previous studies and our results, we can infer that the high variances displayed in both distal ends of the cephalothorax branchial area (LM# 13 and 17) are due to sex acting as the main source of variation, and that there is an apparent evolutionary trade-off between body size and caudal width due to sexual dimorphism in the majority of Aegla studied. Additional comparative studies are necessary to merge multi-specific phenotypic information with underlying phylogenetic relationships to evidence adaptive strategies correlated with their evolutionary history. Our results show that in the three species from the Collilelfu River, the epibranchial spines correspond to the main anatomical characteristics that explain the differentiation between three species, and there is high morphological similarity between A. araucaniensis and A. denticulata contrasting with the high degree of differentiation between these species and A. abtao (Fig. 5) . This confirms previous reports based on numerical taxonomy and descriptive morphology, in which A. araucaniensis and A. denticulata displayed wider cephalothorax and greater development of thorny processes on the edge of the cephalothorax (Fig. 5A, B, D, E) . Whereas in A. abtao, the carapace has a smooth border and is narrower and greater in length ( Fig. 5C, F ; Jara, 1980a, b) . The similarities and morphological differences reported in these species would be mainly the products of adaptive consequences associated with habitat preferences. Comparatively, A. araucaniensis and A. denticulata present hypo-kinetic behaviors, and they are buried preferably in muddy or sandy bottoms of loticlimnic systems with low water flows. A. abtao is a rheophylic species with more hyper-kinetic activity and preferentially inhabits the rocky bottoms of rivers with high water flows. Consequently, the narrow and enlarged body shape of A. abtao would potentially allow a decrease of resistance to water flow, meanwhile the thorny, wider carapace of A. araucaniensis and A. denticulata would reduce predation pressure, mainly on greater-sized individuals (Jara, 1980b (Jara, , 1989 (Jara, , 1996 .
The similarity in the responses of carapace shape in all species of Aegla reported to date, support the hypothesis that phenotypic expression of the body architecture has an important evolutionary history component. Therefore, interspecific integrative studies of great spatial and temporal scales are necessary to estimate the degree of influence that evolutionary history and environmental adaptation have on the expression of traits of this kind. Fig. 5 . Spatial distribution of Aegla araucaniensis plotted in a Principal components analysis based on the scores from relative warps I (37.5% variance) and relative warp II (17.95% variance). Additionally, the deformation grids of males (A) and females (B) of A. araucaniensis are shown. Some landmarks have been connected by lines to facilitate the interpretation of the differences.
